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signal levels of the bins, and applying the level adjustment
transformation function to the samples. Also, disclosed is an
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optical signal into a plurality of sequences of digital samples,
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sequences, assign the channel equalized samples of each
sequence into bins based on signal levels of the channel
equalized samples, determine a level adjustment transforma-
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1
LEVEL EQUALIZATION TO COMPENSATE
FOR IMPLEMENTATION IMPAIRMENTS IN
OPTICAL COMMUNICATION SYSTEMS
WITH HIGH-ORDER MODULATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application 61/731,301, filed Nov. 29, 2012 by Clar-
ence Kan, et. al., and entitled “Method and Apparatus of
Using Level Equalization to Compensate for Implementation
Impairments in Optical Communication Systems Employing
High-Order Modulations”, which is incorporated herein by
reference as if reproduced in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

REFERENCE TO A MICROFICHE APPENDIX

Not applicable.
BACKGROUND

The employment of higher-order modulation in terabit
optical fiber transmission systems may increase spectral effi-
ciency and make better use of transmission capacity of fiber
infrastructure. However, transmission signal quality and
transmission channel impairments may affect performance of
higher-order modulation systems. Advances in high speed
analog-to-digital converters (ADCs) and deep submicron
semiconductor processing technologies in digital signal pro-
cessors (DSPs) may enable advanced digital signal process-
ing techniques to be applied for signal conditioning and/or
distortion compensation at optical transmitters and/or receiv-
ers.

SUMMARY

In one embodiment, the disclosure includes a method com-
prising receiving digital samples from an optical communi-
cation system, assigning the samples into bins based on signal
levels of the samples, computing an average level for each
bin, determining a level adjustment transformation function
for the samples based on the average signal levels of the bins,
and applying the level adjustment transformation function to
the samples.

In another embodiment, the disclosure includes an optical
receiver comprising a frontend configured to receive an opti-
cal signal from an optical transmitter over an optical channel,
and convert the optical signal into a plurality of sequences of
digital samples, and a processor coupled to the frontend and
configured to perform a channel equalization on the samples
of the sequences, assign the channel equalized samples of
each sequence into bins based on signal levels of the channel
equalized samples, compute an average signal level in each
bin for each sequence, determine a level adjustment transfor-
mation function for each sequence based on the average sig-
nal levels of each sequence, and perform a level equalization
on each sample of each sequence by applying the level adjust-
ment transformation function.

In yet another embodiment, the disclosure includes an
optical communication apparatus comprising a level separa-
tor coupled to a time domain equalizer and configured to
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2

receive a sequence of digital samples from the time domain
equalizer, and assign the samples into bins based on signal
levels of the samples, a level adjustment generator coupled to
the level separator and configured to compute an average
signal level for each bin, and determine a level adjustment
transformation function based on the average signal levels,
and a level adjustment unit coupled to the time domain equal-
izer and the level adjustment generator and configured to
receive the samples from the time domain equalizer, and
apply the level adjustment transformation function to the
samples.

These and other features will be more clearly understood
from the following detailed description taken in conjunction
with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of this disclosure, ref-
erence is now made to the following brief description, taken
in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like
parts.

FIG. 1 is a schematic diagram of an embodiment of a
Polarized Multiplexed (PM) In-phase Quadrature-phase (1Q)
Modulator.

FIG. 2 is a schematic diagram of an embodiment of a
DSP-based optical channel equalization unit.

FIG. 3 is a schematic diagram of an embodiment of a
DSP-based time domain processing (TDP) unit with level
equalizers.

FIG. 4 is a schematic diagram of another embodiment of a
DSP-based TDP unit with level equalizers.

FIG. 5 is a schematic diagram of an embodiment of a level
equalizer structure.

FIG. 6 is a schematic diagram of an embodiment of a
transceiver unit.

FIG. 7 illustrates an embodiment of a probability distribu-
tion function (PDF) curve of signal levels of areceived 4-Am-
plitude Modulated (AM) signal.

FIG. 8 illustrates an embodiment of a polynomial curve
fitted over four signal level data points corresponding to the
PDF of FIG. 7.

FIG. 9 illustrates an embodiment of a PDF curve of signal
levels of a 4-AM signal after level equalization.

FIG. 10 is a flowchart of an embodiment of a level equal-
ization method.

FIG. 11 illustrates an embodiment of bit error rate (BER)
versus optical signal-to-noise-ratio (OSNR) curves for Polar-
ized Multiplexed-16 Quadrature Amplitude Modulation
(PM-16QAM) systems with various equalizers.

DETAILED DESCRIPTION

It should be understood at the outset that, although an
illustrative implementation of one or more embodiments are
provided below, the disclosed systems and/or methods may
be implemented using any number of techniques, whether
currently known or in existence. The disclosure should in no
way be limited to the illustrative implementations, drawings,
and techniques illustrated below, including the exemplary
designs and implementations illustrated and described
herein, but may be modified within the scope of the appended
claims along with their full scope of equivalents.

Optical communication systems may employ higher-order
modulation to meet the growing demand for higher transmis-
sion capacity. A high-order modulated signal (e.g. 16 Quadra-
ture Amplitude Modulation (16QAM)) may comprise an In-
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phase (I) component and a Quadrature-phase (Q) component,
where each component may comprise more than two signal
levels. To further increase spectral efficiency, optical commu-
nication systems may employ polarization multiplexing by
mapping two data streams to two orthogonal polarizations
(e.g. PM-16QAM). In an optical communication system, an
optical transmitter may modulate data according to a
designed modulation format (e.g. amplitude, phase, and/or
polarization) and transmit a modulated optical signal, an opti-
cal channel may transport the modulated optical signal from
the optical transmitter to an optical receiver, and the optical
receiver may receive the optical signal and recover the trans-
mitted data. However, the received signal may differ from the
original signal designed at the optical transmitter by ampli-
tudes (e.g. signal levels), phases, and/or polarizations due to
transmission channel impairments and implementation
imperfections. A typical DSP-based coherent optical receiver
may employ a frequency domain equalizer (FDEQ) and/or a
time domain equalizer (TDEQ) to compensate for signal dis-
tortions. The original data may then be recovered from the
frequency and time domain equalized signal at a slicer, where
the ideal transmitted level may be estimated based on ampli-
tude and/or phase of the equalized signal.

The FDEQ and TDEQ may compensate for transmission
channel impairments, but may not correct implementation
imperfections. Implementation related impairments may be
caused by optical and electrical components with limited
bandwidths, data converters and data drivers with non-linear
responses, and/or imperfect bias for IQ amplitude and phase
controls. The imperfections in implementation may degrade
signal quality and lead to higher BER, and thus may lower
system performance. In a higher-order modulation system,
signals are more densely packed in terms of amplitudes and
phases. Thus, a higher-order modulation system may be more
proneto transmission errors and may have a higher BER error
floor than a lower-order modulation system. DSP techniques
may be employed for compensating implementation impair-
ments at a transmitter and/or at a receiver. For example, one
algorithm may attempt to adaptively modify decision thresh-
olds for IQ map distorted Quadrature Amplitude Modulation
(QAM) symbols and another algorithm may attempt to com-
pensate for IQ phase mismatch. However, the first algorithm
may be computationally complex and may not be practical for
product implementation. The second algorithm may only
compensate for IQ phase mismatch and not for IQ amplitude
mismatch, and thus may only provide little performance
improvement. Alternative compensation techniques may be
limited to compensating pre-defined impairments based on
calibration data and may not consider time-variants, such as
temperature variations, aging of components, and/or control
errors.

Disclosed herein is a mechanism for level equalization to
compensate for non-ideal signal levels due to implementation
imperfections, which may improve BER performance in a
high-order modulation optical communication system. In a
transmitter of an optical communication system, data may be
mapped to symbols according to a designed modulation for-
mat. In a receiver of an optical communication system, level
equalization may be applied to correct signal levels of
received samples. Level equalization may comprise design-
ing signal level bins according to an expected modulation
format (e.g. employed at the transmitter), assigning received
samples to the bins based on signal levels of the received
samples, determining a level adjustment transformation func-
tion to map an average signal level of each bin to an ideal
signal level of the expected modulation format, and applying
the level adjustment transformation function to each sample.
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In an embodiment, the level adjustment transformation func-
tion may be determined by a polynomial function curve-
fitting. After applying the level equalization, the level
adjusted samples in each bin may have an average signal level
about equal to a corresponding ideal signal level, thus
decreasing the probability of incorrect slicing and improving
BER performance. Level equalization may be applied to each
component of each polarization separately. In an optical
receiver, level equalizers may be positioned at the output of a
TDEQ to further equalize signal levels. Alternatively, level
equalizers may be positioned at the output of 1Q equalizers
that follow a TDEQ. BER performance may be improved by
employing level equalizers at either placement.

FIG. 1 is a schematic diagram of an embodiment of a
PM-IQ modulator 100, which may modulate a light beam at
an optical transmitter. The modulation may be imposed on
amplitude, phase, and polarization. The PM-IQ modulator
100 may comprise a polarization beam splitter (PBS) 110, a
first optical IQ modulator 120, a second optical IQ modulator
130, and a polarization beam combiner (PBC) 140. The PBS
110 may be coupled to the first optical IQ modulator 120 and
the second optical 1Q modulator 130. The first optical 1Q
modulator 120 and the second optical IQ modulator 130 may
be coupled to the PBC 140.

The PBS 110 may be any optical device configured to split
a light beam generated by a laser into two light beams and
guide one light beam to the first optical IQ modulator 120 and
another light beam to the second optical IQ modulator 130.
The two light beams may be orthogonal, where one light
beam may be an X-polarized optical signal and the other light
beam may be a Y-polarized optical signal. For example, PBS
110 may couple the X-polarized optical signal to the input of
the first optical IQ modulator 120 and the Y-polarized optical
signal to the input of the second optical 1Q modulator 130.

The first optical IQ modulator 120 may comprise two opti-
cal paths 121 and 122. The first optical path 121 may com-
prise a first Mach Zehnder modulator (MZM) 123 and the
second optical path 122 may comprise a second MZM 124
and a phase shifter 125. The first and second MZM 123 and
124 may be configured to vary the power of a light beam
according to a driving voltage. The phase shifter 125 may be
configured to bias the voltage on the second optical path 122
to provide an optical phase-shift of ninety degrees compared
with the first optical path 121. For example, the first optical
path 121 and the second optical path 122 may generate an [
component and a Q component of a modulated optical signal,
respectively. The second optical 1Q modulator 130 may be
substantially similar to the first optical IQ modulator 120. The
two optical IQ modulators 120 and 130 may be configured to
modulate the X-polarized optical signal and the Y-polarized
optical signal output by PBS 110, respectively.

The PBC 140 may be any optical device configured to
generate a polarization multiplexed signal by combining
modulated signals. For example, the PBC 140 may combine
the X-polarized modulated optical signal from the first optical
1Q modulator 120 and the Y-polarized modulated optical sig-
nal from the second optical IQ modulator 130.

The PM-1Q modulator 100 may be employed at an optical
transmitter to generate a high-order modulation signal. The
MZMs 123 and 124 in each of the 1Q modulator 120 or 130
may be driven by a multi-level driving voltage, which may be
controlled by a data generator. For example, a data generator
may map data information to symbols according to a
designed high-order modulation format, form multi-level I
and Q signals in a digital domain, convert the digital I and Q
signals into analog electrical signals via digital-to-analog
converters (DACs), amplify the electrical signals via radio
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frequency (RF) amplifiers, and feed the multi-level electrical
signals to the IQ modulators 120 and 130. Due to implemen-
tation imperfections, such as optical and/or RF components
with limited bandwidth and/or non-linear responses, multi-
level electrical signals with imperfect levels, and/or MZM
bias drift, the transmitted and/or received signal may deviate
from the designed levels despite of the best effort in signal
pre-conditioning. For example, the [ and Q branches may not
have an ideal phase offset of ninety degrees and/or the I and Q
amplitudes may not be at the ideal signal levels.

FIG. 2 is a schematic diagram of an embodiment of a
DSP-based optical channel equalization unit 200, which may
be employed at a coherent optical receiver to compensate for
transmission channel impairments. The DSP-based optical
channel equalization unit 200 may be realized in one or more
application specific integrated circuit (ASIC) DSPs hardware
and/or implemented as DSP software components. The DSP-
based optical channel equalization unit 200 may comprise a
FDEQ 210, a TDEQ 220, and a carrier recovery (CR) unit
230. The DSP-based optical channel equalization unit 200
may be coupled to a front end configured to receive an optical
signal (e.g. a dual-polarization signal with X and Y orthogo-
nal polarizations) transported over an optical channel and
convert the optical signal into a plurality of sequences of
digital samples. The FDEQ 210 may be configured to receive
the sequences of digital samples, compensate for fiber chro-
matic dispersion, and perform frequency filtering optimiza-
tion including bandwidth compensation. The TDEQ 220 may
be coupled to the FDEQ 210 and configured to recover the X
and Y polarizations transmitted at the optical transmitter and
compensate for inter-symbol interference and polarization
mode dispersion. The CR unit 230 may be coupled to the
TDEQ 220 and configured to recover the carrier phase.

The DSP-based optical channel equalization unit 200 may
compensate for transmission channel impairments, but may
not compensate for implementation imperfections. Addi-
tional equalizers (e.g. IQ equalizers and/or level equalizers)
may be employed after the DSP-based optical channel equal-
ization unit 200 to compensate for implementation imperfec-
tions. FIGS. 3 and 4 depict two different placements of level
equalizers. Since level equalizations may be performed in a
time domain, FIGS. 3 and 4 may illustrate level equalizers
placements in a time domain processing chain. It should be
noted that the time domain processing chain may be preceded
by a FDEQ, such as FDEQ 210.

FIG. 3 is a schematic diagram of an embodiment of a
DSP-based TDP unit 300 with level equalizers. The DSP-
based TDP unit 300 may reside in a coherent optical receiver
and may be realized in one or more ASIC DSPs hardware
and/or implemented as DSP software components. The DSP-
based TDP unit 300 may comprise an X-polarization Y-po-
larization (XY) multiple-input multiple-output (MIMO)
equalizer 310, a CR unit 320, and level equalizers 331, 332,
333, and 334. The XY MIMO equalizer 310 may be
employed as a TDEQ, such as TDEQ 220. The CR 320 unit
may be coupled to the XY MIMO equalizer 310 and may be
substantially similar to the CR unit 230. The output signals at
the CR unit 320 may be time domain equalized and carrier
phase recovered signals and may comprise an X polarization
and a Y polarization. The X-polarization may comprise an |
component (e.g. X,") and a Q component (e.g. X "). The
Y-polarization may comprise an [ component (e.g.Y,") and a
Q component (e.g. Y,").

In DSP-based TDP unit 300, the four level equalizers 331,
332, 333, and 334 may be coupled to CR unit 320. The level
equalizers 331, 332, 333, and 334 may be configured to
compensate for signal level distortions caused by implemen-
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6

tation imperfections. Level equalization may be performed
separately on each signal component of each polarization. For
example, the level equalizers 331, 332, 333, and 334 may be
configured to equalize signal levels of the signal components
X", X", Y,", andY ", respectively.

FIG. 4 is a schematic diagram of another embodiment of a
DSP-based TDP unit 400 with level equalizers. The DSP-
based TDP unit 400 may be substantially similar to DSP-
based TDP unit 300, but may comprise two additional 1Q
equalizers 441 and 442. Specifically, the two 1Q equalizers
441 and 442 may be positioned between CR unit 420 and level
equalizers 431,432,433, and 434. The 1Q equalizers 441 and
442 may be configured to correct a phase deviation between
an | component and a Q component of demultiplexed polar-
ized signals (e.g. X' and Y"). For example, the 1Q equalizer
441 may be configured to correct a phase deviation between
the I and Q components in an X-polarization (e.g. X') and the
1Q equalizer 442 may be configured to correct a phase devia-
tion between the I and Q components in a Y-polarization (e.g.
Y"). The level equalizers 431, 432, 433, and 434 may be
coupled to the 1Q equalizers 441 and 442 and configured to
compensate for level distortions. For example, the level
equalizers 431 and 432 may be coupled to 1Q equalizer 441
and configured to compensate for level distortions in the 1Q
phase compensated X-polarization (e.g. X", X,"). Similarly,
the level equalizers 433 and 434 may be coupled to the 1Q
equalizer 442 and configured to compensate for level distor-
tions in the 1Q phase compensated Y-polarization (e.g. Y,",
Y ll).

qFIG. 5 is a schematic diagram of an embodiment of a level
equalizer structure 500, which may be employed as a level
equalizer, such as level equalizers 331, 332, 333, or 334 in
DSP-based TDP unit 300 or level equalizers 431, 432, 433, or
434 in DSP-based TDP unit 400. The level equalizer structure
500 may comprise a level separator 510, a level adjustment
generator 520, and a level adjustment unit 530. The level
equalizer structure 500 may be configured to receive input
samples with signal levels, denoted as r". The received
samples may comprise data modulated with a designed
modulation format and may be frequency domain equalized,
time domain equalized, carrier phase recovered, and/or 1Q
phase corrected.

The level separator 510 may be configured to design signal
level bins according to the designed modulation format and
assign the input samples to the bins based on signal levels of
the input samples. A modulated signal may have M number of
ideal signal levels, denoted as L, where j may vary from about
1 to about M. As such, the level separator 510 may design M
number of signal level bins that may be centered at about the
ideal signal level L,. The signal level bins may be separated by
bin dividers positioned between the ideal signal levels (e.g.
about

Lj +Lj+1
—2 >

about

Lj +Lj,1)

For example, a 4-AM signal may have four ideal signal levels
at about -3, about -1, about 1, and about 3. In this case, the
level separator 510 may design four signal level bins. The
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first, second, third and fourth signal level bins centered at
about -3, about -1, about 1, and about 3, respectively and the
bin dividers may be positioned at about -2, about 0, and about
2.

The level adjustment generator 520 may be coupled to the
level separator 510 and configured to compute an average
signal level for the samples in each bin and determine a level
adjustment transformation function. The level adjustment
transformation function may map the average signal level of
each bin to a corresponding ideal signal level. In one embodi-
ment, the level adjustment transformation function may be an
N7 degree polynomial as shown below:

N _ (69)
Y@= pie
i=0

where p, are the polynomial coefficients.

The polynomial coefficients p, may be determined by fit-
ting a curve over a set of two-dimensional data points (e.g.
{(x, y)}) with the ideal signal levels versus the average signal
levels (e.g. {({r,"),L)}), as shown below:

{pa=poly_ft({{r,) 1{LD @

where (r,"( is the computed average signal level for the i
bin, L, is the ideal signal level for the ™ level and j may vary
from about 0 to about M-1. It should be noted that the average
signal level ) r,") may represent the average signal level of the
input samples that may be determined to have a transmitted
level of L; (e.g. decision at a QAM slicer).

The level adjustment unit 530 may be coupled to the level
adjustment generator 520 and configured to apply the level
adjustment transformation function to the input signal levels
r". For example, the input signal levels may be adjusted by
computing the following equation:

Y _ 3
ORI A O

i=0

where r"(k) is the received signal level of the k” input sample
and " (k) is the adjusted signal level of the k” input sample.
The average signal level in each bin after level equalization
may be about equal to the corresponding ideal signal level.
FIG. 6 is a schematic diagram of an embodiment of a
transceiver unit 600, which may be any device that transmits
and/or receives optical signals with encoded data. For
example, the transceiver unit 600 may be located in an optical
transmission system, which may implement the level equal-
izer structure 500. The transceiver unit 600 may also be
configured to implement or support any of the schemes
described herein, such as the level equalization method 1000
described herein below. In some embodiments transceiver
unit 600 may also act as other node(s) in an optical transport
network (OTN), such as an optical line terminal (OLT), an
optical network unit (ONU), and/or other optical network
elements. One skilled in the art will recognize that the term
transceiver unit encompasses a broad range of devices of
which transceiver unit 600 is merely an example. Transceiver
unit 600 is included for purposes of clarity of discussion, but
is in no way meant to limit the application of the present
disclosure to a particular transceiver unit embodiment or class
of transceiver unit embodiments. At least some of the fea-
tures/methods described in the disclosure may be imple-
mented in a network apparatus or component such as a trans-
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ceiver unit 600. For instance, the features/methods in the
disclosure may be implemented using hardware, firmware,
and/or software installed to run on hardware. As shown in
FIG. 6, the transceiver unit 600 may comprise an electrical to
optical (E/O) frontend 610 and/or an optical to electrical
(O/E) frontend 620, which may convert an electrical signal to
anoptical signal for transmission in an OTN and/orreceive an
optical signal from the OTN and convert the optical signal to
an electrical signal, respectively. A processor 630 may be
coupled to the E/O frontend 610 and the O/E frontend 620 via
a plurality of DACs 640 and ADCs 650, respectively, which
may or may not be part of the processor 630. The DACs 640
may convert digital electrical signals generated by the pro-
cessor 630 into analog electrical signals that may be fed into
the E/O frontend 610. The ADCs 650 may convert analog
electrical signals received from the O/E frontend 620 into
digital electrical signals that may be processed by the proces-
sor 630. The processor 630 may comprise a level equalization
module 633, which may implement the level equalization
method 1000 at a receiver. The processor 630 may be coupled
to one or more multi-core processors and/or memory modules
632, which may function as data stores, buffers, etc. Proces-
sor 630 may be implemented as a general processor or may be
part of one or more ASICs and/or DSPs. In an alternative
embodiment, the level equalization module 633 may be
implemented as instructions stored in the memory module
632, which may be executed by processor 630. The memory
module 632 may comprise a cache for temporarily storing
content, e.g., a Random Access Memory (RAM). Addition-
ally, the memory module 632 may comprise a long-term
storage for storing content relatively longer, e.g., a Read Only
Memory (ROM). For instance, the cache and the long-term
storage may include dynamic random access memories
(DRAMs), solid-state drives (SSDs), hard disks, or combina-
tions thereof.

It is understood that by programming and/or loading
executable instructions onto the transceiver unit 600, at least
one of the processor 630 and/or memory module 632 are
changed, transforming the transceiver unit 600 in part into a
particular machine or apparatus, e.g., a multi-core forwarding
architecture, having the novel functionality taught by the
present disclosure. It is fundamental to the electrical engi-
neering and software engineering arts that functionality that
can be implemented by loading executable software into a
computer can be converted to a hardware implementation by
well-known design rules. Decisions between implementing a
concept in software versus hardware typically hinge on con-
siderations of stability of the design, numbers of units to be
produced, and/or clock speed requirements rather than any
issues involved in translating from the software domain to the
hardware domain. Generally, a design that is still subject to
frequent change may be preferred to be implemented in soft-
ware, because re-spinning a hardware implementation is
more expensive than re-spinning a software design. Gener-
ally, a design that is stable that will be produced in large
volume may be preferred to be implemented in hardware, for
example in an ASIC, because for large production runs the
hardware implementation may be less expensive than the
software implementation. Often a design may be developed
and tested in a software form and later transformed, by well-
known design rules, to an equivalent hardware implementa-
tion in an ASIC that hardwires the instructions of the soft-
ware. In the same manner as a machine controlled by a new
ASIC is a particular machine or apparatus, likewise a com-
puter that has been programmed and/or loaded with execut-
able instructions may be viewed as a particular machine or
apparatus.



US 9,083,570 B2

9

FIG. 7 is a graph 700 illustrating a PDF curve 710 of signal
levels of a received 4-AM signal. The x-axis may represent
signal levels of samples received at the input of a level equal-
izer (e.g. level equalizer structure 500). The y-axis may rep-
resent a normalized distribution of the received signal levels.
The solid lines may represent ideal signal levels (e.g. L=
{-3, -1, 1, 3}) of a 4-AM signal and the dotted lines may
represent bin dividers. For example, a level separator, such as
level separator 510, may design four signal level bins for a
received 4-AM signal, where the bins may be centered at
about the ideal signal levels and separated by the bin dividers.
As shown in curve 710, the received signal levels of the 4-AM
signal may not be at the ideal signal levels, but may instead
distribute around the ideal signal levels. In addition, the aver-
age received signal levels (e.g. (") ={-2.95,-0.9,1.2,3.25})
or the peaks of the curve 710 may deviate from the ideal signal
levels. The distributions around the ideal signal levels may be
due to transmission channel noise and the deviations of aver-
age signal level from the ideal signal levels may be due to the
implementation imperfections described herein above with
respect to FIG. 1.

FIG. 8 is a graph 800 illustrating a polynomial curve 810
fitted over four signal level data points corresponding to the
PDF of FIG. 7. The x-axis may represent average signal
levels. The y-axis may represent ideal signal levels. In graph
800, the four (x, y) data points at about (-2.95, -3), about
(0.9, 1), about (1.2, 1), and about (3.25, 3) may correspond
to the average signal levels of the four signal level bins in
graph 700 and the ideal signal levels of the 4-AM signal. The
curve 810 is a plot of a curve fitted through the four data
points. In the example of graph 800, the curve 810 is fitted
with a 1-degree polynomial function as shown below:

y=ax+b

where a is about 0.96 and b is about —0.14.

FIG. 9 is a graph 900 illustrating a PDF curve 910 of signal
levels of a 4-AM signal after level equalization. The x-axis
may represent signal levels of samples after level equaliza-
tion. The y-axis may represent a normalized distribution of
level equalized signal levels. The solid lines may represent
ideal signal levels (e.g. L={-3, -1, 1, 3}) of a 4-AM signal.
In graph 900, the PDF curve 910 shows the PDF of signal
levels of the same set of received samples as in graph 700 after
applying the polynomial function shown in equation (4). As
shown in graph 900, the average signal level of the level
adjusted samples in each signal level bin may be about the
same as the corresponding ideal signal level. As such, a slicer
may be more likely to make correct decisions on the trans-
mitted signal levels, thus reducing BER.

FIG. 10 is a flowchart of an embodiment of a level equal-
ization method 1000, which may be implemented on a coher-
ent optical receiver with a DSP-based unit, such as DSP-
based TDP unit 300 or 400, or a transceiver unit, such as
transceiver unit 600 described herein below with respect to
FIG. 6. The method 1000 may begin with receiving digital
samples at step 1010. The received samples may comprise
data modulated with a designed modulation format and may
be processed by an XY MIMO equalizer (e.g. XY MIMO
equalizer 310 or 410), CR unit (e.g. CR unit 230,310, 0r410),
and/or IQ equalizers (e.g. IQ equalizer 441 and 442). At step
1020, method 1000 may design signal level bins according to
the designed modulation format. The number of signal level
bins may correspond to the number of ideal signal levels (e.g.
M) for the designed modulation format. The bins may be
centered at about the ideal signal levels. At step 1030, method
1000 may assign the received samples to the signal level bins
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based on signal levels of the samples. At step 1040, method
1000 may compute an average signal level for each bin.

At step 1050, method 1000 may determine a level adjust-
ment transformation function by performing a curve-fitting
between the ideal signal levels and the computed average
signal levels. For example, the level adjustment transforma-
tion function may be an N degree polynomial function as
described in equation (1), where the polynomial coefficients
may be determined by performing a curve fitting over a set of
two-dimensional data points comprising ideal signal level
versus average signal level as described in equation (2). It
should be noted that the curve fitting may employ a least-
squares approach or any other curve fitting approaches. After
the level adjustment polynomial is determined, the signal
levels of the samples may be equalized by applying equation
(3) in step 1060. It should be noted that method 1000 may be
applied separately for each component of each polarization.
In addition, the level adjustment transformation function
determined from a sequence of received samples may be
applied to new incoming samples and may be updated at some
designed intervals. For example, the level adjustment trans-
formation function may be updated once every S samples
using the average signal levels of the S samples.

As discussed above, implementation imperfection may
include limited bandwidths and non-linear responses of opti-
cal and/or electrical components at an optical transmitter
and/or receiver, which may cause 1Q phase deviation and/or
1Q level imbalance. For example, a PM-1Q modulator, such as
PM-1Q modulator 100, may require bias controls for an [ data
MZM, a Q data MZM, and a phase shifter. The 1Q level
imbalance may be caused by an offset between the I and Q
data MZM bias or driving signals with imperfect amplitudes,
whereas the 1Q phase deviation may be caused by imperfect
phase bias at the phase shifter. The effectiveness of various
combinations of equalizers for BER performance improve-
ments may be demonstrated in the following three example
embodiments. In a first example embodiment, the effective-
ness of IQ equalization to compensate for non-orthogonal I
and Q phase angle may be demonstrated by detuning the [ and
Q phase bias of a PM-IQ modulator, such as the PM-IQ
modulator 100, purposely at an optical transmitter. The opti-
cal transmitter may be configured to transmit a PM-16QAM
signal. The PM-16QAM signal may be received by a
PM-16QAM receiver comprising a XY MIMO equalizer (e.g.
XY MIMO equalizer 310), 1Q equalizers (e.g. 1Q equalizers
441 and 442), and level equalizers (e.g. level equalizers 431,
432,433, and 434). The XY MIMO equalizer, IQ equalizers,
and level equalizers may be configured similarly as described
in the DSP-based TDP unit 400. BER measurements may be
taken at various stages of equalization to compare the effec-
tiveness of the different equalizers. Table 1 lists BER mea-
surements at various equalization stages of the PM-16QAM
receiver:

TABLE 1

PM-16QAM BER measurement:

Equalization Stages BER

XY MIMO equalizer 1.79e-4
XY MIMO equalizer + 1Q equalizers 6.8¢-5
XY MIMO equalizer + IQ equalizers + level equalizers 3.8¢-5

As shown in Table 1, the IQ equalizers may reduce BER as the
1Q equalizers may compensate for the non-orthogonal 1Q
phase angle introduced by the detuning of I and Q phase bias
at the PM-IQ modulator. The addition of level equalizers at
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the output of the IQ equalizers may provide further BER
improvement by compensating for level distortions due to
implementation imperfections.

Ina second example embodiment, the effectiveness oflevel
equalization to compensate for IQ amplitude imbalance may
be demonstrated by detuning the I and Q MZM data bias of a
PM-IQ modulator, such as the PM-IQ modulator 100, at an
optical transmitter purposely, while controlling the I and Q
phase angle of ninety degrees to an accuracy of about plus or

minus one degree. The transmitter may be configured to trans- !

mit a PM-16QAM signal. The PM-16QAM signal may be
received at three PM-16QAM receivers with different com-
binations of equalizers. The first receiver may comprise an
XY MIMO equalizer (e.g. XY MIMO equalizer 310 or 410).

The second receiver may be similar to the first receiver, but !

may comprise two additional IQ equalizers (e.g. IQ equaliz-
ers 441 and 442). The third receiver may be similar to the first
receiver, but may comprise additional level equalizers (e.g.
with equalizer structure 500) in a configuration similar to the
DSP-based TDP unit 300. Table 2 lists BER measurements at
the three PM-16QAM receivers:

TABLE 2
PM-16QAM BER measurement:
PM-16QAM receiver BER
XY MIMO equalizer 9.86e—4
XY MIMO equalizer + 1Q equalizers 8.72e-4
XY MIMO equalizer + level equalizers 1.18e-4

As shown in Table 2, the addition of IQ equalizers may
provide little BER improvement for IQ amplitude imbalance
as the IQ equalizers may compensate for non-orthogonal 1Q
phase mismatch, while the addition of level equalizers may
reduce BER significantly as the level equalizers may com-
pensate for IQ amplitude mismatch introduced by the detun-
ing of I and Q MZM data bias at the PM-1Q modulator.

In a third example embodiment, an optical transmitter may
be configured to transmit a PM-16 Amplitude and Phase Shift
Keying (PM-16APSK) signal by employing a PM-IQ modu-
lator, such as the PM-IQ modulator 100, driven by a data
generator with 4-channel RF amplifier connected to a 4-chan-
nel DAC output. The transmitted PM-16APSK signal may be
received at three PM-16APSK receivers with different com-
bination of equalizers. The first receiver may comprise an XY
MIMO equalizer (e.g. XY MIMO equalizer 310 or 410). The
second receiver may be similar to the first receiver, but may
comprise IQ equalizers (e.g. IQ equalizers 441 and 442). The
third receiver may be similar to the first and second receivers
and may further comprise level equalizers (e.g. with level
equalizer structure 500) in a configuration similar to the DSP-
based TDP unit 400. Table 3 lists BER measurements at the
three PM-16APSK receivers:

TABLE 3

PM-16APSK BER measurements

PM-16APSK receiver BER

XY MIMO equalizer 2.03e-5
XY MIMO equalizer + IQ equalizers 1.78e-5
XY MIMO equalizer + IQ equalizers + level equalizers 1.21e-5

As shown in Table 3, the addition of IQ equalizers may
partially reduce BER as the 1Q equalizers may compensate
for 1Q phase mismatch and the addition of level equalizers
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may provide further BER reductions as the level equalizers
may compensate for IQ amplitude imbalance, and thus may
achieve the best overall BER performance. The BER reduc-
tions from level equalization shown in Tables 2 and 3 may
also confirm that the two different placements of level equal-
izers shown in DSP-based TDP unit 300 and 400 may both
improve BER performance.

FIG. 11 is a graph 1100 illustrating BER versus OSNR
curves for a PM-16QAM system with various equalizers. The

0 x-axis may represent OSNR in units of decibel (dB). The

y-axis may represent BER. The PM-16QAM system may
generate a PM-16QAM signal at 28 gigabaud (Gbaud) by
employing a PM-IQ modulator, such as PM-IQ modulator
100, driven by a broadband 4-channel RF amplifier connected

5 to a high speed 4-channel DAC. The PM-16QAM signal may

be detected by a polarization diversified coherent detector and
recorded by a real-time digital sampling oscilloscope (DSO)
for offline DSP processing with various equalizers, such as
XY MIMO equalizers, 1Q equalizers, and level equalizers. In
graph 1100, curves 1110, 1120, and 1130 are BER measured
with back-to-back (BtB) transmission (e.g. ideal transmis-
sion without fiber) and curves 1140, 1150, and 1160 are BER
measured after transmission of 600 kilometer (km) of fiber.
The BER curves 1110 and 1140 are measured after XY
MIMO equalization. The BER curves 1020 and 1050 are
measured after XY MIMO equalization and level equaliza-
tion. The BER curves 1030 and 1060 are measured after XY
MIMO equalization, 1Q equalization, and level equalization.
The curves 1110 and 1120 show that performing level equal-
ization after XY MIMO equalization may reduce BER from
about 8e-4 to about 2e-4 at low noise condition (e.g. at about
31dB OSNR), where a transmitter performance may be most
sensitive to nonlinear distortions. By comparing curves 1110
and 1120 at raw BER of about 1e-2 and curves 1140 and 1150
at raw BER of about le-3, performance improvements of
about 0.4 dB and about 2.8 dB may be observed, respectively.
As observed in FIG. 11, level equalizers may improve BER
and lower error floor for both BtB transmission and transmis-
sion over 600 km of fiber, while the addition of IQ equalizers
may provide little improvements.

At least one embodiment is disclosed and variations, com-
binations, and/or modifications of the embodiment(s) and/or
features of the embodiment(s) made by a person having ordi-
nary skill in the art are within the scope of the disclosure.
Alternative embodiments that result from combining, inte-
grating, and/or omitting features of the embodiment(s) are
also within the scope of the disclosure. Where numerical
ranges or limitations are expressly stated, such express ranges
or limitations should be understood to include iterative ranges
or limitations of like magnitude falling within the expressly
stated ranges or limitations (e.g. from about 1 to about 10
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12,
0.13, etc.). For example, whenever a numerical range with a
lower limit, R, and an upper limit, R,, is disclosed, any
number falling within the range is specifically disclosed. In
particular, the following numbers within the range are spe-
cifically disclosed: R=R +k*(R,-R,), wherein k is a variable
ranging from 1 percent to 100 percent with a 1 percent incre-
ment, i.e., k is 1 percent, 2 percent, 3 percent, 4 percent, 7
percent, . . ., 70 percent, 71 percent, 72 percent, . . ., 97
percent, 96 percent, 97 percent, 98 percent, 99 percent, or 100
percent. Moreover, any numerical range defined by two R
numbers as defined in the above is also specifically disclosed.
Unless otherwise stated, the term “about” means=10% of the
subsequent number. Use of the term “optionally” with respect
to any element of a claim means that the element is required,
or alternatively, the element is not required, both alternatives
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being within the scope of the claim. Use of broader terms such
as comprises, includes, and having should be understood to
provide support for narrower terms such as consisting of,
consisting essentially of, and comprised substantially of.
Accordingly, the scope of protection is not limited by the
description set out above but is defined by the claims that
follow, that scope including all equivalents of the subject
matter of the claims. Each and every claim is incorporated as
further disclosure into the specification and the claims are
embodiment(s) of the present disclosure. The discussion of a
reference in the disclosure is not an admission that it is prior
art, especially any reference that has a publication date after
the priority date of this application. The disclosure of all
patents, patent applications, and publications cited in the
disclosure are hereby incorporated by reference, to the extent
that they provide exemplary, procedural, or other details
supplementary to the disclosure.

While several embodiments have been provided in the
present disclosure, it should be understood that the disclosed
systems and methods might be embodied in many other spe-
cific forms without departing from the spirit or scope of the
present disclosure. The present examples are to be considered
as illustrative and not restrictive, and the intention is not to be
limited to the details given herein. For example, the various
elements or components may be combined or integrated in
another system or certain features may be omitted, or not
implemented.

In addition, techniques, systems, subsystems, and methods
described and illustrated in the various embodiments as dis-
crete or separate may be combined or integrated with other
systems, modules, techniques, or methods without departing
from the scope of the present disclosure. Other items shown
ordiscussed as coupled or directly coupled or communicating
with each other may be indirectly coupled or communicating
through some interface, device, or intermediate component
whether electrically, mechanically, or otherwise. Other
examples of changes, substitutions, and alterations are ascer-
tainable by one skilled in the art and could be made without
departing from the spirit and scope disclosed herein.

What is claimed is:

1. A method comprising:

receiving digital samples from an optical communication

system,

assigning the samples into bins based on signal levels of the

samples;

computing an average signal level for each bin;

determining a level adjustment transformation function for

the samples based on the average signal levels of the
bins;

applying the level adjustment transformation function to

the samples; and

updating the level adjustment transformation function at

intervals of a number of received samples (S) by
employing average signal levels of samples received in
an interval.

2. The method of claim 1, wherein the received digital
samples are samples from an In-phase (I) component of a first
polarization of an optical signal, a Quadrature-phase (Q)
component of the first polarization of the optical signal, an |
component of a second polarization of the optical signal, a Q
component of the second polarization of the optical signal, or
combinations thereof, and wherein the first polarization and
the second polarization are orthogonal.
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3. The method of claim 2, wherein the average signal levels
are computed separately for each component of each polar-
ization and the level adjustment transformation function is
determined and applied separately for each component of
each polarization.

4. The method of claim 1, wherein the received samples are
time domain equalized samples.

5. A method comprising:

receiving digital samples from an optical communication

system,

assigning the samples into bins based on signal levels of the

samples;

computing an average signal level for each bin;

determining a level adjustment transformation function for

the samples based on the average signal levels of the
bins; and

applying the level adjustment transformation function to

the samples,

wherein assigning the samples into the bins based on the

signal levels of the samples further comprises assigning
an M number of bins centered at about ideal signal levels
of a modulation format with an M number of levels, and
wherein the received samples comprise data modulated
with the modulation format.

6. The method of claim 5, wherein determining the level
adjustment transformation function for the samples based on
the average signal levels of the bins comprises performing a
curve-fitting between the average signal levels and the ideal
signal levels.

7. The method of claim 6, wherein performing the curve-
fitting between the average signal levels and the ideal signal
levels comprises determining coefficients of a polynomial
function that approximately fits a set of two-dimensional data
points comprising the ideal signal levels versus the average
signal levels.

8. The method of claim 7, wherein applying the level
adjustment transformation function to the samples comprises
adjusting the signal levels of the received samples by apply-
ing equation:

N
k)= Y pi k)

i=0

where r"(k) is the received signal level of a k” received
digital sample, r""(k) is the adjusted signal level of the k"
received digital sample, p, is an i” coefficient of the
polynomial function, and N is the degree of the polyno-
mial function.

9. A method comprising:

receiving digital samples from an optical communication
system,

assigning the samples into bins based on signal levels of the
samples;

computing an average signal level for each bin;

determining a level adjustment transformation function for
the samples based on the average signal levels of the
bins; and

applying the level adjustment transformation function to
the samples,

wherein the received samples are X-polarization Y-polar-
ization (XY) Multiple-Input Multiple-Output (MIMO)
equalized and In-phase Quadrature-phase (IQ) equal-
ized samples.
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10. An optical receiver comprising:
a frontend configured to:
receive an optical signal from an optical transmitter over
an optical channel; and
convert the optical signal into a plurality of sequences of
digital samples; and

a processor coupled to the frontend and configured to:

perform a channel equalization on the samples of the
sequences;

assign the channel equalized samples of each sequence
into bins based on signal levels of the channel equal-
ized samples;

compute an average signal level in each bin for each
sequence;

determine a level adjustment transformation function
for each sequence based on the average signal levels
of each sequence; and

perform a level equalization on each sample of each
sequence by applying the level adjustment transfor-
mation function,

wherein the channel equalization comprises an X-polar-
ization Y-polarization (XY) Multiple-Input Multiple-
Output (MIMO) equalization, an In-phase Quadra-
ture-phase (IQ) equalization, or combinations
thereof.

11. The optical receiver of claim 10, wherein determining
the level adjustment transformation function for the samples
based on the average signal levels of the bins comprises
performing a curve-fitting over a set of two-dimensional data
points with the ideal signal levels against the computed aver-
age signal levels.

12. The optical receiver of claim 10, wherein each
sequence comprises an In-phase (I) component of a polariza-
tion of the optical signal or a Quadrature-phase (Q) compo-
nent of the polarization of the optical signal.

13. An optical receiver comprising:

a frontend configured to:

receive an optical signal from an optical transmitter over
an optical channel; and

convert the optical signal into a plurality of sequences of

digital samples; and
a processor coupled to the frontend and configured to:
perform a channel equalization on the samples of the
sequences;
assign the channel equalized samples of each sequence
into bins based on signal levels of the channel equal-
ized samples;
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compute an average signal level in each bin for each
sequence;
determine a level adjustment transformation function
for each sequence based on the average signal levels
of each sequence;
perform a level equalization on each sample of each
sequence by applying the level adjustment transfor-
mation function;
determine a number of the bins to be about equal to a
number of ideal signal levels of a modulation format
employed at the optical transmitter; and
center each bin at a corresponding ideal signal level.
14. The optical receiver of claim 13, wherein the number of

ideal signal levels is more than about two.

15. An optical communication apparatus comprising:
a level separator coupled to a time domain equalizer and
configured to:
receive a sequence of digital samples from the time
domain equalizer; and
assign the samples into bins based on signal levels of the
samples;
a level adjustment generator coupled to the level separator
and configured to:
compute an average signal level for each bin; and
determine a level adjustment transformation function
based on the average signal levels; and
a level adjustment unit coupled to the time domain equal-
izer and the level adjustment generator and configured
to:
receive the samples from the time domain equalizer; and
apply the level adjustment transformation function to
the samples.
16. The apparatus of claim 15, wherein the level separator
is further configured to:
determine a number of the bins to be about equal to a
number of ideal signal levels of a modulation format,
wherein the received samples comprise data modulated
with the modulation format; and
centering each bin to a corresponding ideal signal level.
17. The apparatus of claim 15, wherein determining the
level adjustment transformation function based on the aver-
age signal levels comprises performing a least squares fit over
a set of data points obtained from a plot of ideal signal levels
versus the computed average signal levels.
18. The apparatus of claim 15 further comprising an In-
phase Quadrature-phase (IQ) equalizer positioned between
the time domain equalizer (IDEQ) and the level separator.
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